To retrospectively assess the main variables that affect the complete magnetic resonance (MR) imaging-guided resection of supratentorial low-grade gliomas.
Institutional review board approval was obtained for this retrospective HIPAA-compliant study, with the requirement for informed consent waived. Data from 101 patients (61 men, 40 women; mean age, 39 years; age range, 18 -72 years) who had nonenhancing supratentorial mass lesions that were histopathologically diagnosed as lowgrade (World Health Organization grade II) gliomas and consecutively underwent surgery with intraoperative MR imaging guidance were analyzed. There were 21 low-grade astrocytomas, 64 oligodendrogliomas, and 16 mixed oligoastrocytomas. Initial and residual tumor volumes were measured on intraoperative T2-weighted MR images and three-dimensional spoiled gradient-echo MR images. The anatomic relationships between the tumor and eloquent cortical and/or subcortical regions and the influence of these relationships on the extent of resection were analyzed on the basis of preoperative MR imaging findings. Summary measures, univariate Fisher exact test and t test, and multivariate logistic regression analyses were performed.
Results:
Tumor volume ranged from 2.7-231.0 mL. Univariate analyses revealed the following tumor characteristics to be significant predictive variables of incomplete tumor resection: diffuse tumor margin on T2-weighted MR images, oligodendroglioma or oligoastrocytoma histopathologic type, and large tumor volume (P Ͻ .05 for all). Tumor involvement of the following structures was associated with incomplete resection: corpus callosum, corticospinal tract, insular lobe, middle cerebral artery, motor cortex, optic radiation, visual cortex, and basal ganglia (P Ͻ .05 for all). Multivariate analyses revealed that incomplete tumor resection was due to tumor involvement of the corticospinal tract (P Ͻ .01), large tumor volume (P Ͻ .01), and oligodendroglioma histopathologic type (P ϭ .02).
Conclusion:
The main variables associated with incomplete tumor resection in 101 patients were identified by using statistical predictive analyses. (1) .
One of the main causes of death among patients with low-grade glioma (LGG) is progression of the tumor to a malignant form (ie, anaplastic degeneration). Low-grade astrocytomas (LGAs) represent approximately 15% of all gliomas of the cerebral hemisphere in adults and approximately 25% of these tumors in children. The incidence of these tumors is estimated to be about one per 100 000 individuals per year among both children and adults. The peak prevalence of LGA (25%) occurs between the ages of 30 and 40 years, whereas 10% of cases occur at ages younger than 20 years. Histologically, more than 4% of hemispheric gliomas are low-grade oligodendrogliomas (LGOs) (2) . The peak prevalence of these gliomas occurs at about 40 years of age, with a smaller peak at about 10 years of age. Epileptic seizure is the most common clinical manifestation at presentation.
At present, there is no generally accepted standard of management for supratentorial LGGs. The role of surgical resection, with the exception of that performed in patients with medically intractable epilepsy and symptomatic mass effect, remains controversial. The outcome of patients harboring supratentorial LGGs may be influenced by multiple variables, such as age, histologic tumor type, preoperative Karnofsky score, presence or absence of epilepsy as a presenting symptom, tumor size, tumor involvement of the contralateral hemisphere, and extent of tumor resection (3, 4) . A comprehensive review of the English-language literature on this topic published between 1970 and 2000 revealed that, although the evidence was not overwhelming, the data in favor of surgical resection were compelling (5) .
Several factors may hinder the goal of achieving total gross tumor resection. One of them is the difficulty in differentiating tumor tissue from the surrounding brain parenchyma at visual inspection alone. Another limitation in achieving maximal LGG resection is uncertainty regarding the tumor's relationship with eloquent cortical and/or subcortical areas. Keeping the resection within the tumor's boundaries, as defined on the basis of T1-weighted, T2-weighted, or intermediate-weighted magnetic resonance (MR) imaging findings does not guarantee a satisfactory postoperative neurologic outcome. Finally, the shape of the brain changes (commonly referred to as brain shift)-and, thus, the spatial location of the lesion may change-in response to surgical manipulation and anesthesia. Consequently, the accuracy of preoperatively acquired images in guiding the surgical resection diminishes as the surgery progresses (6, 7) .
Descriptions of predictive modeling for many clinical applications have been published in the radiologic literature (8) (9) (10) . Such quantitative analysis may be helpful in refining therapeutic strategies and developing outcome evaluation protocols. Thus, the purpose of our study was to retrospectively assess the main variables that affect the complete intraoperative MR imaging-guided resection of supratentorial LGGs.
Materials and Methods

Patient Population and Diagnoses
The data on all patients who consecutively underwent surgery at our intraoperative MR imaging-guided therapy facility between January 1995 and January 2002 and fulfilled both the radiologic (hyperintense lesion on T2-weighted MR images, iso-or hypointense lesion on T1-weighted images, no contrast enhancement, and no substantial edema) and the histopathologic (as defined by the World Health Organization) (11) criteria for the diagnosis of supratentorial LGG were included in our retrospective analysis. Institutional review board approval for this Health Insurance Portability and Accountability Actcompliant study was obtained from Brigham and Women's Hospital, Harvard Medical School, and informed consent was waived. Of the 101 patients included, 61 were men and 40 were women; their mean age was 39 years Ϯ 10 (standard deviation) (range, 18 -61 years). No pediatric patients (ie, younger than 18 years) were included in this study.
The histopathologic diagnosis of lowgrade (World Health Organization grade II) astrocytoma, oligodendroglioma, or mixed oligoastrocytoma in each patient was confirmed by using permanent formalin-fixed sections. Tumors located in the posterior cranial fossa and pilocytic and opticohypothalamic gliomas were not included. Topographically, 56 tumors were confined to one 
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Ⅲ By using univariate analyses, we identified 11 statistically significant variables that correlated with incomplete resection of supratentorial low-grade gliomas. Ⅲ According to the results of multivariate analyses, three significant variables of incomplete tumor resection were large tumor volume, involvement of the corticospinal tract, and low-grade oligodendroglioma histopathologic type.
cerebral lobe and 45 involved more than one lobe. The studied tumor series comprised 21 astrocytomas, 64 oligodendrogliomas, and 16 mixed oligoastrocytomas.
Total versus incomplete resection, as determined according to the final intraoperative MR imaging findings (obtained after surgical wound closure), was considered the reference standard.
We found the quality of the final intraoperative MR images to be sufficient for determining the residual tumor volume.
Image Acquisition
After the patients were positioned for craniotomy and their heads were fixated by using an MR-compatible carbon fiber Mayfield clamp (Ohio Medical Instruments, Cincinnati, Ohio), they were examined in the following initial imaging protocol with use of a vertically open 0.5-T MR imaging unit (SignaSP; GE Medical Systems, Milwaukee, Wis) and the following parameters: (a) for transverse, sagittal, and coronal T1-weighted fast spin-echo imaging, 700/29 (repetition time msec/echo time msec), a 22-cm field of view, a 256 ϫ 256 matrix, one signal acquired, a 3-mm section thickness, and a 1-mm intersection gap; (b) for transverse T2-weighted fast spin-echo imaging, 5000/99, a 22-cm field of view, a 256 ϫ 256 matrix, two signals acquired, a 3-mm section thickness, and a 1-mm intersection gap; and (c) for transverse three-dimensional spoiled gradient-echo (SPGR) imaging, 15.5/5.2, a 45°flip angle, a 22-cm field of view, a 256 ϫ 256 matrix, one signal acquired, a 2.5-mm section thickness, and a 0-mm intersection gap.
During the surgical intervention, T2-weighted fast spin-echo and threedimensional SPGR MR image updates were obtained after the dural opening and any time the neurosurgeon believed that a brain shift had occurred or a substantial amount of tumor tissue had been removed. The final imaging protocol, which was performed after the dura mater was closed, included the same sequences that were performed at initial imaging. In addition, gradient-echo sequences involving a repetition time of 600 msec, increasing echo times (9, 40, and 60 msec), and a flip angle of 30°w ere added to rule out postoperative hemorrhage. The initial and final image data sets were used to determine the initial and residual tumor volumes, respectively.
Tumor Volume Measurements and Functional Correlation
Actual MR images were systematically reviewed (by I.F.T., F.A.J. and R.K., with 14, 34, and 23 years of experience in neuroimaging, respectively). The tumor's location and relationships with both functionally critical cortical areas, such as the primary sensory-motor region, visual and speech cortices, and insular lobe, and functionally critical subcortical structures, such as the corticospinal tract (CST), optic radiation, arcuate and uncinate fasciculi, corpus callosum, and basal ganglia, were determined by using the initially obtained intraoperative MR image data set (obtained before the skin incision) on the basis of anatomic knowledge and comparisons with structures on standard anatomy atlases. The tumor was considered to involve an eloquent region if it infiltrated or bordered the areas just described. The two categories (infiltration vs displacement by tumor) were considered together because further differentiation between tumor infiltration and displacement, especially of the white matter tracts, on the basis of anatomic MR imaging findings alone may not be totally reliable (12) (13) (14) .
First, the preoperative T2-weighted and three-dimensional SPGR MR images were rigidly registered. The volumetric three-dimensional SPGR image was used to obtain a better definition of the tumor's location and anatomic relationships with eloquent cortical and subcortical areas. In the next step, the tumor was manually segmented on the T2-weighted fast spin-echo image since, according to the literature (15) (16) (17) (18) , abnormalities seen on T2-weighted images appear to reflect the tumor extent more accurately. The tumor volume was then calculated from the segmented area and the voxel size by using the 3D-Slicer software package (www.slicer.org) (19) (Fig 1a-1d) .
To compute the residual tumor volume, the same steps were applied to the final T2-weighted fast spin-echo and three-dimensional SPGR MR images (Fig 1) . To avoid the mislabeling of surgically induced changes as residual tumor, postoperative gradient-echo images that were obtained by using a repetition time of 600 msec, increasing echo times (9, 40, and 60 msec), and a flip angle of 30°, as well as preoperative gradient-echo and spin-echo MR images, were used for comparison.
Statistical Analyses
The retrospective database contained data on 101 patients, with 19 variables extracted for outcome analysis. Statistical methods included descriptive summary statistics, univariate analysis, multivariate predictive analysis, and receiver operating characteristic validation methods. Statistical significance was reached when the corresponding P value was less than or equal to .05 on the basis of hypothesis testing. These analyses were performed by using S-Plus, version 6.0 (Insightful, Seattle, Wash) and SAS (SAS Institute, Cary, NC) software packages.
The sample size calculation was based on the correlation between the initial tumor volume and the percentage of tumor resected. We assumed a moderately negative correlation coefficient (r ϭ Ϫ0.59), and the results of our subsequent analysis confirmed this assumption. The necessary sample size of retrospectively examined patients per year (n) was calculated as follows:
2 ϩ 3, with a significance level of 10% (ie, Z ␣ ϭ 1.282) and a statistical power of 80% (ie, Z ␤ ϭ 0.842) and where C ϭ 0.5ln[(1 Ϫ r)/(1 ϩ r)] ϭ Ϫ0.678 (20) , with r being the correlation coefficient. Under these conditions, a sample size of 13 subjects per year is necessary. In this 7-year retrospective study, the data on all patients who consecutively underwent surgery for LGG (n ϭ 101, about 15 patients per year) were included. The statistical analyses were performed by three authors (K.H.Z., L.O., and J.G.B, with 8, 17, and 3 years of experience, respectively).
Univariate analysis.-Of the 19 extracted variables, 18 were explanatory variables and one was the outcome variable. The categorical variables included the patient's sex; the histopathologic diagnosis (ie, astrocytoma, oligodendroglioma, or mixed oligoastrocytoma); the tumor's location on the dominant or nondominant side; tumor involvement of the primary motor, sensory, visual, or speech cortex (ie, Broca and Wernicke areas), insular lobe, CST, optic radiation, corpus callosum, and/or anterior, middle, and/or posterior cerebral arteries; the presence of a cystic cavity within the tumor boundaries; and the quality (ie, well defined vs diffuse) of the tumor margins on T2-weighted MR images. The choice of these variables was based on the following technical challenges encountered in surgical practice: (a) lesion identification (visualization) and targeting; (b) determination of the relationships between the lesion and the eloquent regions of the brain and between the lesion and vascular structures, which need to be preserved during surgery to avoid postoperative neurologic deficits; and (c) identification of tumor tissue characteristics that may affect the difficulty of surgery.
We first included each categorical variable in the univariate analysis and evaluated it by using two-sided Fisher exact tests to assess differences in the proportions of incomplete tumor resection. Correlation coefficients among categorical variables were not computed.
For the remaining two continuous variables, tumor volume (measured in milliliters) and patient age, we conducted a two-sided Student t test to compare the underlying means as stratified according to total versus incomplete resection.
Multivariate predictive analysis.-We considered all 19 variables in the data set in the multivariate stepwise logistic regression analysis to assess the relationships between these variables and the resection outcome. A stepwise approach allowed the significant findings to be included in the regression equations. Both forward and backward selection procedures were employed. On the basis of the logistic regression equations and the most significant variables derived from the described multivariate analysis, a probabilistic prediction rule for dichotomized resection outcome was constructed.
Receiver operating characteristic validation analysis.-Parametric receiver operating characteristic analyses were conducted (21) . We evaluated and validated the effects of the significant variables derived from multivariate predictive modeling. Specifically, the distribution of volume, stratified according to the binary outcome, was tested by performing a z test of normality. Corresponding receiver operating characteristic curves were constructed under the binormal transformation models, which included a natural logarithm transformation (22) . The mean area under the receiver operating characteristic curve (AUC) for the significant variables, along with the standard error of the mean, was computed (23, 24) . The effect of different thresholds on resection outcome was examined on the receiver operating characteristic curves.
Results
Univariate Analysis
The mean initial tumor volume in this series was 54.5 mL (range, 2.7-231.0 mL). The mean residual tumor volume was 20.2 mL (range, 0 -166.2 mL). We improved the data skewness by applying a natural logarithm transformation, but normality was not achieved (P Ͻ .001). The median tumor volume was 43.2 mL, with an interquartile range of 16.6 -76.3 mL. For the incomplete and total tumor resection groups, median tumor vol- umes were 55.96 (interquartile range, 31.3-95.6 mL; range, 6.6 -312.6 mL) and 10.30 mL (interquartile range, 5.3-18.2 mL; range, 1.1-69.8 mL), respectively. Forty-nine (48%) patients (with 49 tumors) had tumors involving the CST. Only two (4%) of these 49 tumors were completely resected. In both cases, the tumor volume was small (2 mL and 16 mL). Example images are provided in Figures 1 and 2 .
Of all the variables assessed individually in the univariate analyses, 11 were found to be significantly associated with incomplete tumor resection ( Table 1) . Among the tumor characteristics, an illdefined tumor margin on T2-weighted MR images, LGO or low-grade mixed oligoastrocytoma histopathologic tumor type (ie, both types appear to be more difficult to resect than LGA), and large tumor volume were found to be associated with incomplete resection. Furthermore, tumor involvement of the following functionally critical structures led to incomplete resection: corpus callosum, CST, insular lobe, middle cerebral artery, primary motor cortex, optic radiation, visual cortex, and basal ganglia (one-sided P Ͻ .05 for all correlations). Other variables were not statistically significant, according to the univariate analysis results.
Multivariate Predictive Analysis
Multivariate stepwise logistic regression analysis, with use of both forward and backward selections, yielded three variables that were significantly associated with incomplete resection: tumor involvement of the CST (P Ͻ .01), large tumor volume (P Ͻ .01), and LGO histopathologic type (P ϭ .02).
Multivariate Tumor Resection Predictive Equation
The logistic regression analysis yielded the following equation with coefficients estimated from our multivariate analysis: (1) where P IR is the probability of an outcome of incomplete resection; logit(p) ϭ log[p/(1 Ϫ p)]; and CST, LGO, and VOL, are the P values for the significance of tumor involvement of the CST, LGO histopathologic type, and large tumor volume, respectively, as variables leading to incomplete resection. In a similar manner, to compute the probability of incomplete resection, the above regression equation becomes
Receiver Operating Characteristic Validation Analysis On the basis of tumor volume alone, both nonparametric and parametric estimation methods yielded an overall AUC of 0.90 (Fig 3) . The receiver operating characteristic curves stratified according to two additional covariates, CST involvement and histopathologic type, also are presented (Fig 4) . The areas under these curves were 0.96 and 0.81, with and without information on CST involvement, respectively; 0.93 for LGA type; and 0.84 for LGO type. The Note.-Two-sided P values of less than or equal to .10 and one-sided P values of less than or equal to .05 served as the thresholds for statistical significance.
* P values for only the statistically significant variables are presented. † LGM ϭ low-grade mixed oligoastrocytoma. ‡ Diffuse margin on T2-weighted MR image.
improvement in mean AUCs was statistically significant (P Ͻ .001) when, in addition to the main variable large tumor volume, the covariates CST involvement and histopathologic type were considered ( Table 2) . Thresholds of target resection of 100%, 85.5%, 75.0%, and 50.0% resulted in AUCs of 0.90, 0.85, 0.80, and 0.77, respectively (Fig 5) .
Discussion
With use of computerized image analysis and statistical tools, the main variables associated with incomplete resection of supratentorial LGGs were identified, and on the basis of these results, a statistical predictive model of tumor resectability was developed. Although the optimal therapeutic approach for LGGs is controversial, most agree that recurrence with anaplastic degeneration is the major cause of mortality in patients with these tumors. Consequently, one of the major aims of any therapy is to prevent or delay anaplastic degeneration. The decision to perform surgery in these patients is based on the presumption that by eliminating a substantial amount of tumor cells, surgical resection may reduce the rates of recurrence and malignant progression and increase the survival time (25) . Although this hypothesis has not yet been proved, evidence in favor of surgical resection is accumulating.
Much of the debate regarding the role of surgical resection for the management of LGG is centered around the fact that most of the available related studies have been retrospective and often have been based on a subjective assessment of the extent of resection. There have been occasional reports of tumor volume as it relates to outcome, but there are substantial limitations in the techniques used in these studies. For instance, in the study of Berger and Rostomily (25) , computed tomographic (CT) data were included in the assessment. However, the sensitivity of CT in the detection of parenchymal lesions is inferior to that of MR imaging (18, (26) (27) (28) .
The results of some retrospective studies have suggested that among patients undergoing surgical resection, those who undergo total gross removal of LGGs have a longer survival than do those who do not undergo cytoreductive surgery (25, 29, 30) . For example, Janny et al (29) observed 5-and 10-year survival rates of 88% and 68%, respectively, with completely resected LGAs, compared with survival rates of 57% and 31%, respectively, with incomplete or no surgical resection. Berger et al (31) found that the patients who were most at risk for tumor recurrence and malignant progression were those who had larger tumors preoperatively and residual tumor postoperatively. This finding emphasizes the need for objective patient selection tools, to identify patients who would benefit most from surgical resection, and to refer those patients in whom a substantial tumor burden reduction is improbable and the risk of postoperative morbidity is high for other types of treatment. Our results show that the development of such tools is feasible with use of anatomic MR imaging. The fact that the majority of the patients in this retrospective series (64 of 101) received a diagnosis of LGO may have introduced a bias since, according to some authors (2), oligodendrogliomas represent only about 4% of hemispheric gliomas. However, more recent study results indicate that oligodendrogliomas are often underdiagnosed and may represent more than 30% of cerebral gliomas (32, 33) . Furthermore, our results show that complete resection of oligodendrogliomas is more difficult to achieve than complete resection of astrocytomas. Thus, although no prior knowledge of the histopathologic type was available in most cases, many oligodendrogliomas may have been judged to be difficult to resect and selected for intraoperative MR imaging-guided resection on the basis of their imaging features.
Our series also included a large number of patients with tumors involving the CST. Since these patients underwent tumor resection with intraoperative MR imaging guidance, which is generally reserved for difficult surgical procedures, this was not surprising.
Another limitation of our retrospective study is the fact that it was based exclusively on the findings on intraoperative anatomic MR images, which were acquired by using a midfield (ie, 0.5-T magnetic field strength) interventional imaging unit. The tumor's relationship with functionally critical structures was estimated on the basis of anatomic knowledge and comparisons with structures on standard anatomy atlases since anatomic MR imaging does not enable direct visualization of cortical activity or white matter structures. Imaging modalities such as magnetic source imaging and functional MR imaging have enabled visualization of task-dependent cortical activity. Diffusion-tensor MR imaging allows visualization of the location and extent of white matter tracts.
Studies performed to analyze the influence of intraaxial tumors on the surrounding brain parenchyma have revealed that such interactions are complex. Eloquent cortical areas and major white matter tracts may be displaced, infiltrated, or destroyed by tumor. The results of a magnetic source imaging study conducted in a series of 106 patients with brain tumors demonstrated the presence of functional cortex within or at the border of the radiologic abnormality in 24.5% of the patients (34) . These results are consistent with those obtained by means of direct intraoperative cortical stimulation (35, 36) . Diffusion-tensor MR imaging studies have revealed the presence of morphologically preserved white matter fiber tracts in large proportions of low-and highgrade gliomas (12) (13) (14) 37) . Functional and diffusion-tensor MR imaging examinations are increasingly being performed to preoperatively-and even intraoperatively-identify eloquent cortical areas and white matter tracts. However, in this series of retrospectively examined patients, the availability of functional and diffusion-tensor MR imaging was limited at the time of surgery. The inclusion of such multimodal information may increase the accuracy of our predictive model.
